By means of first-principle calculations, we report a stoichiometric crystal structure of BiSb with broken space-inversion symmetry. This structure is insulating in bulk and has nontrivial band topology. We observe a pressure driven Weyl semimetallic electronic phase transition in this BiSb system without a crystal phase change. The obtained Weyl semimetallic phase exists in the 4.0-6.0 GPa pressure range. We find that a total of 12 pairs of Weyl points, 12 monopoles and 12 antimonopoles, exist in the Brillouin zone. Additionally, the spin texture of the bulk BiSb compound appears to be electrically controllable when the interlink between pressure and an electric field is exploited. This produces novel manipulable topological transport properties in this system. [27, 28] . This prediction was later experimentally corroborated [29] . Furthermore, the recent experimental discovery of ferroelectric metals has generated huge interest in polar materials [30, 31] . The interplay between SOC and polarity could yield exotic quantum phenomenon in polar ferroelectric metals [32, 33] . Here, we take advantage of the large SOC of Bi and Sb atoms [34] [35] [36] [37] and the ferroelectric
Weyl fermions have recently attracted the attention of researchers due to their unique intriguing physical properties such as the presence of discontinuous Fermi arcs [1] [2] [3] [4] , quantized anomalous Hall effect [5, 6] , quantum transport [7] , anomalous magnetoresistance [8] , etc. In condensed matter systems, Weyl fermions can be realized as low-energy excitations near the touching points of two nondegenerate bands at discrete k points in the momentum space of a bulk system. These gapless band touching points are known as Weyl nodes or Weyl points [2] . Close to a Weyl point, bands have linear dispersion in all directions in k space. Each Weyl point can be characterized by an associated chirality or topological charge, which corresponds to a monopole or antimonopole of Berry curvature in momentum space.
In recent years, many different theoretical proposals have been reported for realization of Weyl semimetallic (WSM) phase in inversion (I)-symmetric [1, [9] [10] [11] and I-asymmetric systems [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Several groups have recently reported the experimental realization of WSM phase in single crystal compounds [22] [23] [24] [25] and in photonic crystals [26] . To the best of our knowledge, there is no report of controllable WSM phase in a stable compound. However, ferroelectric-like polar WSM compounds having large spin-orbit coupling (SOC) could open a new avenue of realization of novel transport properties. When we combine SOC with ferroelectricity, we obtain a class of novel multifunctional materials, called ferro-electric Rashba semiconductors (FERSC) [27] . Recently, S. Picozzi et al. have theoretically demonstrated the possible control and switching of the spin texture by means of an electric field in GeTe [27, 28] . This prediction was later experimentally corroborated [29] . Furthermore, the recent experimental discovery of ferroelectric metals has generated huge interest in polar materials [30, 31] . The interplay between SOC and polarity could yield exotic quantum phenomenon in polar ferroelectric metals [32, 33] . Here, we take advantage of the large SOC of Bi and Sb atoms [34] [35] [36] [37] and the ferroelectric polarization of BiSb semiconductor to control the spin-related properties in the present BiSb system.
The Bi 1−x Sb x alloys are the first generation topological insulator [38] . In 2013, Kim et al. reported experimental evidence of WSM phase in Bi 1−x Sb x alloys for x = 3% by magnetoresistance measurements [8] . In the present work, we report a stoichiometric crystal structure of BiSb with broken I symmetry. This structure belongs to the space group 160 (R3m) and has nontrivial band topology. By means of first-principle calculations, we observe a pressure-induced WSM phase transition in the present BiSb system in 4.0-6.0 GPa pressure range. We have further exploited the coupling between pressure and electric field to realize and control the chirality of Weyl points in BiSb.
We used the projected augmented wave (PAW) method implemented in the VASP code to perform all density functional theory (DFT)-based first-principle calculations [39, 40] . For all calculations presented in this Rapid Communication, we used a conventional unit cell of BiSb (space group 160: R3m), containing three atoms of Bi and three atoms of Sb [41] . The cell was relaxed, first in the internal coordinates and then in the volume until the total energy difference between two consecutive steps was smaller than 10 −8 eV and the total residual forces were less than 10 −5 eV/Å. Spin-orbit interaction was included for all ionic relaxations. For all pressure dependent electronic structure calculations, we employed isotropic pressure ranging from 1 to 10 GPa on the original unit cell. Further computational details are given in the Supplemental Material [42] .
In the R3m space group, BiSb has a layered crystal structure with alternative layers of Bi and Sb atoms oriented along the c axis of the rhombohedral unit cell [see crystal structure in Fig. 3(a) ]. Lattice parameters of the fully relaxed unit cell are a = b = 4.51Å, c = 11.92Å, which are in good agreement with the experimental data [43] . To study the dynamical stability of BiSb, we performed phonon calculations using density functional perturbation theory (DFPT) as implemented in the ABINIT code [44] [45] [46] phase is thermally and mechanically stable up to 10 GPa. Additional details regarding crystal structure, phonons, and elastic constants calculations are given in the Supplemental Material. This structure has already been experimentally synthesized due to its novel thermoelectric properties at low temperatures [43, 47] .
The electronic band-structure calculations (given in the Supplemental Material) reveal that without SOC, BiSb is an indirect band-gap semiconductor with indirect energy gap of 0.16 eV. The direct band gap is located at the L point of the hexagonal Brillouin zone. In the presence of SOC, each band of BiSb shows spin splitting. However, the spin degeneracy of bands still exits at the L point (Kramers' point), which confirms that BiSb breaks the I symmetry but preserves the time-reversal (TR) symmetry [ Fig. 1(a) ]. For TR-symmetric systems, lack of I symmetry is an essential requirement for realization of the WSM phase. We also notice that the SOC-induced band inversion takes places along the H → L direction. Such a band-inversion process yields topologically protected conducting surface states in the bulk insulating system. Thus, the band-structure calculations exhibit the nontrivial topological nature of bands in the BiSb system.
According to the theoretical model proposed in Refs. [12, 48] , one can possibly realize a gapless WSM phase by varying a control parameter m in the effective model Hamiltonian H (k,m) of a bulk insulating system. For Iasymmetric systems, the gapless WSM phase exists for a finite range of the control parameter m. In the present work, we use isotropic pressure (P ) as the control parameter to tune the bulk band gap. Figure 1(a) shows the evolution in the direct band gap along the H → L direction for different values of applied pressure. The direct band gap along the H → L direction (E L g ) decreases as we increase pressure up to 3.0 GPa [ Fig. 1(b) ]. Interestingly, with a further increase in pressure, E L g becomes zero at 4.0 GPa pressure and remains zero until 6.0 GPa. In this pressure range, the conduction band bottom (CBB) and the valence band top (VBT) accidentally touch each other along the H → L direction [see Fig. 1(a) for the 5.0 GPa case]. The dispersion of the bands close to the band touching point is linear in k and the band touching point is not located at any Kramers' points or along any high-symmetry direction of the bulk Brillouin zone. These facts give us signatures of a Weyl semimetallic phase in a 4.0-6.0 GPa pressure range. When we further increase the external pressure, we observe that the direct band gap E L g reopens. However, the system becomes semimetallic (SM) due to crossing of the Fermi level by other topologically trivial bands (Supplemental Material, Fig. S4 ). Thus, a pressure induced nontrivial insulator-WSM-semimetal phase transition takes place in the present BiSb system. A similar pressure induced phase transition has been reported for trigonal Te and Se systems [18] .
Figure 2(a) shows the projection of spin components (S x , S y , and S z ) on the electronic bands for 5.0 GPa applied pressure. We observe similar behavior of spin projections for other values of P (4.0 P 6.0). Here, we have chosen the (001) direction as the quantization axis for all spin dependent calculations. In Fig. 2(a) , we calculate the band structure along two different directions in Hence, these two points have the same chirality and topological charge. Band structure along the P /2 → L → Q/2 direction reveals the presence of two more nondegenerate gapless points located slightly below Fermi level. These two gapless points represent another set of Weyl points depicted by W2. W2 Weyl points are related by TR symmetry and hence, they share the same chirality and topological charge. Even though two Weyl points can be noticed along the P /2 → L → Q/2 direction [ Fig. 2(a) ], only one Weyl point lies inside the first Brillouin zone. Here, it is worth mentioning that P and Q are not high-symmetry points in the Brillouin zone, and the Q point lies outside of the first Brillouin zone [ Fig. 2(c) ]. To determine the chirality of the W1 and W2 Weyl points, we have calculated the Berry flux through a closed surface enclosing only one Weyl point at a time [49, 50] . Our calculations reveal that W1 and W2 have opposite chirality and therefore, they carry opposite topological charges (see Supplemental Material). Consequently, W1 behaves like a monopole and W2 behaves like an antimonopole in k space. These two opposite Weyl points are located at different energy values. The existence of such opposite Weyl points, located at different energies, is attributed to the broken I symmetry of the present BiSb system. Since W1 and W2 are separated in momentum space as well as in energy, it is impossible to realize a nodal semimetallic phase by tuning the Fermi level and there always exists a state with separate electron and hole Fermi surfaces. Such a property of WSM is very interesting as it could yield chiral magnetic effect and novel topological transport properties in this system. In recent years, these properties have attracted much theoretical interest [6, [51] [52] [53] [54] [55] [56] [57] .
FIG. 2. (a) The spin projections on bands along the H/2 → L → H /2 (top) and
Using the symmetry of the crystal the position of all other Weyl points can be determined. Figure 2(c) shows the location of all Weyl points present at the k z = π c surface of the hexagonal Brillouin zone. To further confirm the existence of two W2 Weyl points, located slightly away from the high-symmetry line, we calculate the three-dimensional band dispersion at the constant k x = 0.494 plane [see plane along cut 1 in Fig. 2(c) ]. Two gapless points can be clearly noticed in Fig. 2(d) . In the R3m space group, each type of Weyl point (W1 or W2) gives a total of 12 Weyl points due to the presence of time-reversal, mirror, and C 3v rotation symmetries. Thus, in total there are 24 Weyl points in the hexagonal Brillouin zone.
The observation of Fermi arcs connecting two Weyl points is crucial to confirm the prediction of a WSM phase. For this purpose, we have performed the spin-texture calculations at the (001) surface of a BiSb slab [58] . The slab was constructed from the primitive cell of BiSb. We observe two trivial Fermi circles along with two open Fermi curves [ Fig. 2(e) ]. These open Fermi curves are reminiscent of Fermi arcs connecting opposite Weyl points [59] .
Having established the existence of a WSM phase in BiSb, we will finally comment on the possibility to control the chirality of Weyl points. Here, we take advantage of the large SOC (Bi and Sb atoms are known to exhibit strong SOC [34] [35] [36] ) and ferroelectric polarization to control the spin-related properties in the present BiSb system.
At zero pressure, the BiSb material is a narrow-band-gap semiconductor which exhibits Rashba-like spin splitting as observed in Fig. 1 . In order to quantitatively determine the strength of the Rashba spin splitting at zero pressure, we calculate Rashba energy (E R ) and Rashba parameter (α R ) as described in the corrected version of Ref. [28] . We find that E R = 147.3 meV and α R = 10.43 eVÅ for CBB along the L-H direction, while E R = 65.9 meV and α R = 4.71 eVÅ for VBT along the L-H direction. Further details about the Rashba spin splitting in this compound can be obtained in Ref. [41] . In the R3m phase, Bi and Sb atoms are displaced from the ideal rocksalt sites. The polar displacement (λ) of the Bi atoms along the direction of red arrows [see crystal structure shown in Fig. 3(a) ] yields to a ferroelectric-like polarization in the BiSb system at the semiconducting state. The calculated value of the spontaneous polarization (P s ) at zero pressure is 34.46 μC cm −2 (by Berry phase approach [49, 60] ) and 28.50 μC cm −2 (by ionic model). The polarization can be switched by reversing the direction of the polar displacement of Bi atoms from the ideal rocksalt sites [27, 28] . We find that the energy barrier ( E) to overcome the transition from the paraelectric phase in R3m symmetry [41] and LiNbO 3 [62] and the geometric ferroelectrics BaMgF 4 and BaZnF 4 [63] , in which reported E is 0.018, 0.200, 0.259, 0.133, and 0.218 eV/f.u., respectively. Therefore, we expect ferroelectric switching to be experimentally feasible in the BiSb compound.
We notice that the spin polarization of all three spin components of Rashba-like bands gets inverted when we switch the direction of the ferroelectric polarization at the semiconducting phase at zero pressure. This, as expected from the ferroelectric and SOC coupling terms in the Rashba Hamiltonian [64] , makes BiSb (in the R3m phase) a FERSC material at ambient conditions. After the polarization inversion process, we apply isotropic pressure of 4.0 GPa to reach the WSM phase with inverted spin-polarized bands. Figure 3 shows the dispersion of bands along the W1 and W2 Weyl points for the original and inverted polarization cases. The shape of bands and the location of Weyl points in energy and momentum space is exactly the same for both P s ↑ and P s ↓ polarizations. However, after inverting the polarization we found that the spin projection on the bands changes in spin orientation which is depicted by switching of the up and down S x spin components (Fig. 3) . We observed similar behavior for the S y and S z band spin projections. The band spin switching happens along both k directions containing W1 and W2 Weyl points after the polarization is reversed and 4.0 GPa pressure has been applied. As a result, the topological charge and chirality of Weyl points attain opposite values after inverting polarization. This observation suggests the possibility of switching of the monopole and antimonopole charges in a WSM via an electric field. Here, it is important to remark that the WSM phase will retain the polarlike displacements similar to the case of "ferroelectric metals" [31] .
In summary, we report a stoichiometric layered structure of BiSb which is enthalpically, vibrationally, and mechanically stable at the DFT level. This structure has a bulk insulating gap at zero pressure with nontrivial band topology. Pressure dependent electronic band structure calculations reveal the existence of a WSM phase in the pressure range 4.0-6.0 GPa. We have found 12 pairs of Weyl points in the first Brillouin zone. Surface state calculations confirm the presence of a WSM phase in BiSb. We further discussed the possibility to control the chirality and topological charge of the Weyl points by means of applied pressure and electric field. The existence of a polarlike Weyl semimetallic phase in this BiSb compound calls for further studies on the underlying exotic quantum phenomena [32] .
